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A rapid combustion process was applied to prepare CaFe,O, nanomaterials using CaBr,xH,O and Fe(NO;);-9H,0 as raw
materials and CaFe,O, nanomaterials were characterized by SEM, TEM, VSM, XRD, and FTIR techniques. The results showed
that the prepared nanomaterials had a sheet-like structure, and for larger adsorption capacity of dyes, CaFe,O, nanosheets
prepared at 700°C for 2h with average grain size was 93.3nm, a thickness of 8.4nm, and the saturation magnetization of
8.15emu/g were employed as adsorbate for the removal of methyl blue (MB). The adsorption performance of MB onto
CaFe,O, nanosheets was investigated; CaFe,O, nanosheets displayed favorable adsorption capacity, and the adsorption
conformed to the pseudo-second-order model and the Freundlich model, which demonstrated that the adsorption process of
MB on CaFe,O, nanosheets belonged to multilayer chemisorption process. When the pH value reached 3, the adsorption
capacity of MB by CaFe,O, nanosheets kept maximum value of 478.07 mg/g; and after 5 regenerations, the removal efficiency
of MB was reduced to 59.06% of the first time. The electrochemical behavior of MB onto the nanosheets was evaluated
through CV in conjunction with EIS. The CaFe,O, nanosheets revealed a promising prospect for the adsorption of dyes.

1. Introduction

Magnetic materials have widespread applications, such as
electronics, automotive, environmental protection, and new
energy sources [1-8]. Magnetic materials are divided into
categories by nature: metallic and nonmetallic, the former
mainly having metallic magnets such as Nd,Fe ,,B and
nickel-based alloys [9-12], the latter mainly being ferrite
nanomaterials [13, 14]. Compared to metallic materials, fer-
rite, as a nonmetallic material, is cheap, technical maturity
and stable performance, and is, therefore, used in a signifi-
cant amount. In the realm of magnetic nanomaterials, ferrite
nanomaterials are composite oxide consisting of iron in
combination with one or more other suitable metallic ele-
ments. The most applied ferrite is the spinel type with the
chemical formula MFe,O, or MO-Fe,O; (M = Mg, Mn, Co,

Zn, Cu, Ca, etc.). M is composed of a divalent mental ion
or a plurality of mental ions whose average valence is diva-
lent [15, 16]. Among them, CaFe,O, have received extensive
attention because Ca** is not a heavy metal [17].

CaFe,0, is p-type semiconductor material, which has
the advantages of nontoxicity, environmental friendliness,
and good biocompatibility [18-20]. At present, there are
many methods for preparing CaFe,O, nanomaterials, such
as solid-phase reaction [21], coprecipitation [22], one-step
hydrothermal [23], sol-gel [24], and electrospun [25]. The
above methods, however, prepare ferrite products with poor
homogeneity, high costs, and complex reactions. Rapid com-
bustion process is a convenient and effective way to prepare
polymetallic and monometallic oxides [26]. Compared with
the other methods, it has the advantages of cheaper cost,
simple manipulation, and controllable particle size.
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FIGURE 1: SEM morphology (a) and TEM image (b), XRD pattern (c), and VSM analysis (d) of CaFe,O, nanosheets.

Today, there is an increasing demand for dyes and the
discharge of dye wastewater is gaining widespread atten-
tion. Dye wastewater contains harmful chemicals and is
highly toxic, posing a serious risk to human health and
safety, [27-29] such as methyl blue (MB) can cause skin
irritation, profuse sweating, and cancer, [30]. The removal
of dyes from wastewater is therefore urgent. The current
methods of treating dyes are adsorption [31], photodegra-
dation [32], and advanced oxidation [33]. Of these,
adsorption method is the simplest and most effective tech-
nique due to its simplicity of operation, the variety of
adsorbents, and environmental friendliness [34-36]. Ferrite
nanomaterials have received a lot of attention from
researchers as emerging adsorption materials. With a large
specific surface area and many active sites, ferrite can
quickly achieve solid-liquid separation under the action
of an applied magnetic field, effectively avoiding secondary
contamination [37].

In this work, an environmentally friendly adsorbent was
obtained experimentally with the concept of regeneration and
environmentally friendly utilization. CaFe,O, nanomaterials
were prepared by a rapid combustion approach and character-
ized, and the adsorption mechanism of MB removal from sim-
ulated dye wastewater onto CaFe,O, nanosheets was
investigated. The prepared CaFe,O, nanomaterials could effi-
ciently remove MB from the solutions, which provided a refer-
ence for the application of ferrite nanomaterials in the
treatment of dye wastewater, and had certain research
significance.

2. Materials and Methods

2.1.  Preparation and Characterization of CaFe,O,
Nanomaterials. Analytical grade calcium bromide hydrate
(CaBr,xH,0, 96%) and ferric nitrate nonahydrate
(Fe(NO,);9H,0, AR) along with ethyl alcohol (C,HO,
AR) were used as raw materials without further purification.
Under magnetic agitation, 1.93g CaBr,xH,0, 7.66g
Fe(NO;);-9H,0, and 50 mL absolute ethanol were blended.
Then the mixed solution was burned and put into the pro-
grammed temperature-control furnace after the fire was
extinguished. The calcination was carried out at 400-800°C,
respectively. Finally, the nanomaterials after calcination
were ground to get the powders.

Analyzing the characteristic of nanomaterial morphology
by scanning and transmission electron microscopy (SEM,
JSM-7001F, JEOL Ltd., Japan; TEM, JEM-2100, JEOL Ltd,,
Japan), X-ray diffraction (XRD, D8 ADVANCE, Germany)
was applied to research the physical phase analysis and crystal-
linity with Cu-Ka and the diffraction angles range from 20-
80°. The saturation magnetization was measured by the vibrat-
ing sample magnetometer (VSM, HH-15, Physcience Opto-
electronics Co., Ltd., Beijing, China). Analysis of the func-
tional groups and chemical bonds of the nanomaterials before
and after adsorption by Fourier transform infrared spectra
(FTIR, FTIR-370, Nicolet Avatar, America).

2.2. Adsorption Experiment. CaFe,0, nanomaterials were
added to MB (BS, 99%) solution for adsorption experiments
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FI1GURE 2: XRD patterns (a) and hysteresis loops (b) of CaFe,0, nanomaterials.
160 where C; and C (mg/L) were the solution concentrations
before and after the adsorption of MB, respectively; V' (mL)
440 - was the MB solution volume; m (g) was the mass of the
adsorbent.
420 - . . )
2.3. Electrochemical Experiments. An electrochemical work-
400 4 station was employed to research the electrochemical behavior
> of CaFe,O, nanosheets. Glassy carbon electrode, Ag/AgCl
iE: 380 electrode, and platinum wire electrode with good electrical
< conductivity and chemical stability were employed as experi-
360 + mental electrodes, which play the roles of working, reference,
and auxiliary. Cyclic voltammetry (CV) was observed at volt-
340 ages of —0.2-0.7V and 100mV/s scan rate. Electrochemical
320 - impedance spectroscopy (EIS) was obtained for signal ampli-
« tudes for 5mV and frequencies in the range 0.1-10000 Hz.
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FIGURE 3: Adsorption kinetics model of CaFe,O, nanosheets for
MB with different initial concentrations.

to research the effects of different adsorbent times (10-
180 min), various pH values (1-9), different initial mass con-
centrations (800-3000mg/L), and regeneration times on
adsorbent adsorption performance. After the adsorption
was completed by centrifugation at 10000 rpm, the superna-
tant was taken to measure the absorbance using ultraviolet
spectrophotometer (UV), and then the remaining concen-
tration was calculated from the MB standard curve, and
the corresponding capacity of adsorption was calculated by

q=——, (1)

were shown in Figure 1. SEM morphology (Figure 1(a))
showed that CaFe,O, nanomaterials were irregularly flaky
textures. The average grain size of 40.2nm for CaFe,O,
nanosheets, but the actual average grain size was 93.3nm,
which indicated that superposition occurred during the
preparation process. The average grain size was calculated
by the Scherrer formula [13]:

0.891
B cosO @)

Where D was the average size of CaFe,O, nanosheets (nm);
A was the wavelength of the nanosheets for XRD measure-
ments; 3 was the half-height width of the diffraction peak
of the nanosheets; 8 was the Bragg diffraction angle. The
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F1GURE 4: Fitted curves of kinetics models for different concentrations 800 mg/L (a), 900 mg/L (b), 1000 mg/L (c), and 1100 mg/L (d).

TEM image showed that CaFe,O, consisted of irregular
sheets of nanostructures and had a stacking phenomenon
(Figure 1(b)), which was consistent with the SEM morphol-
ogy. XRD pattern of CaFe,O, nanosheets were shown in
Figure 1(c). The presence of characteristic peaks located at
20 =33.53", 35.38", 40.18", 49.57°, 60.08", and 61.22° matched
well diffraction peaks of (320), (201), (131), (401), (600), and
(161) planes of CaFe,O, standard card (JCPDS. NO. 32-
0168), which indicated that the CaFe,O, was successfully
prepared. The Ms value of CaFe,O, (Figure 1(d)) was
8.15emu/g, which was beneficial to the subsequent solid-
liquid separation.

As could be seen from Figure 2(a), the CaFe,O, was not
formed at 400-500°C. When the calcination temperature
reached 600°C, the CaFe,O, begin to form gradually, but the
crystallinity was very poor. With the calcination temperature
was further risen to 700-800°C, the intensity of diffraction
peaks was enhanced and the crystallinity was fine.
Figure 2(b) showed the relationship between different calcina-
tion temperatures and saturation magnetizations. The satura-
tion magnetization decreased with the calcination
temperature increasing from 400 to 500°C. When the calcina-
tion temperature was between 600 and 700°C, CaFe,O, started
to form gradually and therefore the saturation magnetization
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TaBLE 1: Adsorption kinetics parameters of magnetic CaFe,O, nanosheets with concentrations of MB solutions.
.. Initial MB concentration (mg/L)
Kinetics model Parameter 800 900 1000 1100
R’ 0.6987 0.7326 0.7438 0.7495
Pseudo-first-order model k, 0.4245 0.4442 0.3871 0.2220
Adj. R-square 0.6686 0.7059 0.7182 0.7245
R? 0.9924 0.9878 0.9940 0.9898
Pseudo-second-order model k, 0.0171 0.0190 0.0097 0.0160
Adj. R-square 0.9916 0.9866 0.9935 0.9888
R’ 0.7103 0.6476 0.7120 0.7369
k; 0.3957 0.3417 0.6932 3.8120
Intraparticle diffusion model :
C, 0.5 0.5 0.5 0.5
Adj. R-square 0.6813 0.6123 0.6833 0.7106
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FiGUure 5: Langmuir, Freundlich, and Temkin isotherms for the
adsorption of MB by CaFe,O, nanosheets.

TaBLE 2: Isotherm parameters of CaFe,O, nanosheets for MB
adsorption.

Isotherms > Adj. R- Parameter’s
R Parameter
model square value
. G 1126.8135
Langmuir 0.8936 0.8803
K, 20191
. 1/n 0.2403
Freundlich 0.9907  0.9895
Kg 689.1913
. Ay 41.0518
Temkin 0.9892 0.9862
by 191.9073

began to rise. The saturation magnetization of CaFe,O,
decreased and the coercivity increased at 800°C. This might
be due to the excessive calcination temperature causing disor-

TaBLE 3: Comparison of the maximum adsorption capacity of
different adsorbents.

Adsorbent Dye Gmax (Mg/g)  References
Ni-MCM-41 189.04 [38]
MnFe,0, 497.51 [39]

Co, 5sZn, ;Fe,0, Methyl blue 189.10 [40]
Sr,,Ba, (PO,),/Fe,0, 702.00 [41]
CaFe,0, 1126.81  In this article

ganization of the internal structure of the CaFe,0, nanomate-
rials, which limited the growth of grain size. According to the
Scherrer formula, the grain size of CaFe,O, nanomaterials at
800°C was calculated to be 28.9 nm smaller than 700°C, which
verified the above explanation. Therefore, the highest satura-
tion magnetization was 8.15emu/g at 700°C. In summary,
CaFe,0, with the calcination temperature of 700°C was
selected for the subsequent experiments.

3.2. Adsorption Kinetics. Figure 3 showed adsorption kinetics
curves of CaFe,O, nanosheets with different MB concentra-
tions. It could be seen that with the beginning of adsorption,
the adsorption capacity increased rapidly, and after a certain
time, the adsorption capacity gradually slowed down until
the adsorption achieved equilibrium. The reason was that
at the beginning of the adsorption process, the material sur-
face had many vacant adsorption and binding sites, and the
greater the concentration of dye was, the stronger the mass
transfer drive, resulted in a greater chance of contact
between the MB molecules and the material. As the concen-
tration of dye decreased, the driving force decreased and the
adsorption sites were largely occupied, and the adsorption
slowly reached equilibrium. The largest adsorption amount
was 436.01 mg/g with the initial concentration of 1100 mg/
L. The adsorption time was 60min to reach adsorption
equilibrium.

To further investigate the effect of adsorption time on
adsorption capacity, the kinetics models were adopted to
the data for fitting. The fitted curves for different kinetics
models were shown in Figure 4. The correlation coefficients
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Ficure 7: FTIR spectrum of CaFe,O, nanosheets (a), MB (b),
CaFe,O, nanosheets after adsorption (c), and the regenerated
CaFe,0, nanosheets (d).

(R?) of the pseudo-second-order kinetics model were the
largest compared with the pseudo-first-order kinetics and
intraparticle diffusion models, which indicated that the
pseudo-second-order kinetics model could better describe
the adsorption of on MB. According to the mechanism of
the pseudo-second-order kinetics model, the adsorption of
CaFe,0, nanosheets on MB was chemisorption with elec-
tron gain and loss. The arguments fitted to three kinetics
models were summarized as Table 1.

3.3. Adsorption Isotherms. The adsorption behaviors of the
adsorbent for the dye can be evaluated with the adsorption iso-
therm model (Figure 5). The fitted parameters for the three
models were displayed from Table 2. A comparison of the cor-
relation coefficients (R?) showed that the Freundlich model had
the largest correlation coeflicient of 0.9907. This suggested that

the Freundlich model was consistent with isothermal adsorp-
tion processes. According to Freundlich theory, the adsorption
between the dye molecules and the surface of the CaFe,O,
nanosheets was nonuniform. 1/n was in the range of 0.1-0.5,
which indicated that the adsorption performance of CaFe,O,
nanosheets was excellent.

The maximum capacity was investigated by comparing the
MB adsorption with other articles, it was observed that the
CaFe,0O, nanosheets adsorption capacity of MB was much
larger than those of the other adsorbents, which reflected that
the superior adsorption performance of CaFe,O, nanosheets,
and the relevant data were listed in Table 3.

3.4. Adsorption Mechanism

3.4.1. Effect of pH and Thermal Regeneration Performance.
The experiment kept the constants of CaFe,O, nanosheets mass
and MB concentration, and then the pH effect on the CaFe,O,
nanosheets adsorption of MB was explored, the results were
shown in Figure 6(a). When the pH of the solution was below
3.0, the CaFe,O, nanosheets exhibited an enhanced adsorption
of MB as the pH value enhanced. The excellent capacity was
observed at pH3.0 with the adsorption capacity of CaFe,O,
nanosheets was 478.1 mg/g. This might be due to the fact that
the CaFe,0O, nanosheets and dye molecules had positively
charged at the same time when the pH was less than 3.0, which
led to the strong electrostatic repulsion between CaFe,O, nano-
sheets and dye molecules, thus the adsorption capacity of the
CaFe,0, nanosheets was decreased. With the increase of pH
value, the positive charge held by the dye molecules progres-
sively dropped, and the electrostatic repulsion also dropped,
resulted in a gradual improvement in the capacity of adsorption
of CaFe,0O, nanosheets. The adsorption of MB capacity by the
adsorbent remained largely unchanged when pH was greater
than 3, mainly attributable to the electrostatic attraction of the
negatively charged dye and the positively charged CaFe,O,
and the saturation adsorption capacity of the CaFe,O, nano-
sheets [36, 42].



Adsorption Science & Technology

150

100

I(pA)
1

—100

-150 L — , . , . , . ,

0.0 0.2 0.4 0.6
E/V (VS Ag/AgCI)
—— Bare MGCE
—— MGCE/CaFe,0,
—— MGCE/post-adsorption nanosheets

(a)

7
300
2000 ]
g A
. '\‘] 100 o i A
A
— A
1500 AR T T T mA
A AA -Z(Q) A
g 1 . .
= A A e
N A “, S
10004 Lo
A
] a n
A LI
A
500 4 A
A
0 T T T T T T
0 2000 4000 6000
-7 ()
m Bare MGCE

o MGCE/CaFe,04
A MGCE/post-adsorption nanosheets

(b)

Figure 8: CV (a) and EIS (b) results of bare MGCE, MGCE/CaFe,O, and MGCE/postadsorption nanosheets.

To research the regeneration performance of the
CaFe,0, nanosheets, the adsorbed CaFe,O, nanosheets
were regenerated by calcination treatment at 400°C for 2h,
and the readsorption results were shown in Figure 6(b).
After five regenerations of CaFe,O, nanosheets, the removal
efficiency of MB was reduced to 59.06% of the first time.
This was due to the increased crystallinity of the CaFe,O,
nanosheets and caused the collapse of the internal pores as
the number of regenerations increased. These factors could
cause the decrease of the specific surface area of CaFe,O,
nanosheets, resulted in a reduction in the surface area of
contact from the MB molecules to the CaFe,O, nanosheets
and a consequent reduction in the adsorption capacity.

3.4.2. FTIR Analysis. FTIR spectrum of CaFe,O, nanosheets,
MB, CaFe,O, nanosheets after adsorption, and regenerated
CaFe,0, nanosheets were shown in Figure 7. The peak
appeared at 582cm”' corresponds to Fe-O bond and the
bands at 3429cm™" was associated with —~OH stretching
vibration, indicated that the presence of residual water in
CaFe,0, nanosheets (Figure 7(a)). Figure 7(b) showed the
FTIR spectrum of MB, the spectrum described some charac-
teristic peaks at 1172 cm Y, 1126cm™Y, 1033cm™!, and
1002 cm™'. The characteristic peaks of MB appeared on the
FTIR spectrum of the adsorbed CaFe,O, nanosheets indi-
cated that MB was successfully adsorbed onto the CaFe,O,
nanosheets (Figure 7(c)). The regeneration results of the
adsorbed CaFe,O, nanosheets were presented in
Figure 7(d). After calcination, the characteristic peak of
MB disappeared completely, which indicated that the nano-
sheets could be regenerated by the mean of calcination.

3.4.3. Electrochemical Performance. The adsorption behavior
of CaFe,0, nanosheets on MB was further investigated by CV
and EIS (Figure 8) [43-45]. The current formation was com-

pared to that of the bare electrode by modifying CaFe,O, on
the surface of the glassy carbon electrode (MGCE/CaFe,O,)
and the adsorbed CaFe,O, nanosheets (MGCE/postadsorption
nanosheets), the results were shown in Figure 8(a), where the
bare MGCE had the highest peak current. The peak currents
decreased sequentially with material and material modifications
on the glassy carbon electrode. Ferrite nanomaterials were semi-
conductor materials with a high resistivity. When the materials
were modified on the electrode surface, a certain spatial poten-
tial resistance was created, making it difficult for [Fe(CN)6]3’/ +
to approach the electrode surface, resulted in a decrease in peak
current. After adsorption of MB, the nanomaterial was modi-
fied on the electrode surface and the negative charge carried
by the MB and the [Fe(CN)6]3'/ * were mutually repelled in
the electrolyte, prevented it from approaching the surface of
the electrode for electron switching and led to a peak current
that was further reduced.

The electrochemical impedance spectrum consists of two
parts, the semicircular part and the linear part. The electron
transfer resistance can be obtained from the half-circle at
high frequencies, and the linear at low frequencies corre-
sponds to the diffusion process. As can be seen in
Figure 8(b), the impedance of the bare electrode was lower
compared to the impedance of the material and the material
after adsorption of MB, and the impedance of the material
after adsorption of MB was the highest. The results obtained
were consistent with the CV plots.

4. Conclusions

CaFe,0O, nanosheets were prepared via a rapid combustion
process. The CaFe,O, nanosheets were formed under the
conditions of calcination temperature of 700°C and ethanol
volume of 50mL, showed a lamellar morphology with an



average grain size of 93.3nm, a thickness of 8.4nm, and a
saturation magnetization of 8.15 emu/g.

The adsorption of MB by CaFe,O, nanosheets was eligible
for the pseudo-second-order model and Freundlich model,
which suggested that the adsorption process was multimolecu-
lar layer chemisorption and easy to adsorb. When the pH value
was 3.0, the maximum adsorption capacity of CaFe,O, nano-
sheets for MB was 478.07 mg/g. After five regenerations, the
CaFe,O, nanosheets still had a relative removal rate of
59.06%, which indicated excellent recyclability. This demon-
strates that the prepared CaFe,O, nanosheets were an adsor-
bent for dye wastewater with practical applications.
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